Abstract: Objective Poly(rC)-binding protein 1 (PCBP1) belongs to the heterogeneous nuclear ribonucleoprotein family and participates in transcriptional and translational regulation. Previous work has identified transcripts targeted by both knockdown and overexpression of PCBP1 in SH-SY5Y neuroblastoma cells using a microarray or ProteomeLab TM protein fractionation 2-dimensions (PF-2D) and quadrupole time-of-flight mass spectrometer. The present study aimed to further determine whether these altered transcripts from major pathways (such as Wnt signaling, TGF-β signaling, cell cycling, and apoptosis) and two other genes, H2AFX and H2BFS (screened by PF-2D), have spatial relationships. Methods The genes were studied by qRT-PCR, and dynamic Bayesian network analysis was used to rebuild the coordination network of these transcripts. Results PCBP1 controlled the expression or activity of the seven transcripts. Moreover, PCBP1
Introduction
Poly(rC)-binding protein 1 (PCBP1) or αCP1 is extensively distributed in the nervous system, circulatory system and other tissues. It is a member of the heterogeneous nuclear ribonucleoprotein (hnRNP) family and contains three K-homologous (KH) domains [1] . Different intracellular distribution patterns have been observed for PCBP1
in different cell types. In Calu-6 cells, endogenous PCBP1
occurs throughout the cell but predominantly in the nucleus [2] .
Using HeLa nuclear extracts, PCBP1 was determined to be a member of a structure-related gene regulation complex that includes hnRNPs A2/B1, I, K, and L [3, 4] . In normal cervical tissues, however, this protein is mainly localized to the cytoplasm [5] . In addition to being an important RNAbinding protein [6] , PCBP1 also binds DNA [7] . Although PCBP1 is known to affect the stability of gene expression and axon maturation through post-transcriptional regulation [8] [9] [10] , its exact functions in neurons are still unclear.
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Our previous studies support the idea that hnRNPs have a very important function in the nervous system [11] . When we knocked down endogenous [12] or overexpressed exogenous PCBP1 [11] in neuroblastoma SH-SY5Y cells, microarray data showed that many genes were up-or down-regulated.
PCBP1 also has a variant function that depends on its involvement in forming different protein-RNA complexes.
When axons mature, neurofilament-M (NF-M) expression
rises, partly due to increased stability of NF-M mRNA.
Such post-transcriptional regulation is partly mediated through the binding of the 47-kDa PCBP1 complex, which may contribute to the increased cytoplasmic levels of NF-M mRNA that accompany axonal maturation [9] .
In brief, PCBP1 is a multifunctional molecule due to its cis-DNA/RNA-binding activity. An increasing number of studies have demonstrated that the functions of each member of the hnRNP complex are mediated by proteinprotein interaction networks [6, 13, 14] . Previously, a simplified picture and the global cellular level of PCBP1-targeted transcriptional and/or translational molecules were elucidated by knockdown or overexpression studies [11, 12] . The objective of the present study was to further elucidate the roles of PCBP1 in neurocytes. Experimentally, PCBP1 was either knocked down or overexpressed. After real-time reverse-transcription PCR (qRT-PCR) for selectively targeted genes, we constructed a Bayesian network model (a new method for identifying gene regulatory networks [15] ) of genes that were oppositely affected by PCBP1 knockdown or overexpression. Finally, the major interacting genes in the network that were regulated by PCBP1 , TaKaRa]), as described in our previous work [12] .
Following the manufacturer's instructions (manual part no. 
PCBP1 overexpression
The open reading frame region (nucleotides 178-1 248) of human PCBP1 cDNA (GenBank accession no. NM_006196) was cloned into the pcDNA TM 4/His C expression vector using PCR amplification oligonucleotides [11] . These primers contained to amplify the 18S RNA gene as an internal control [11] .
The primers used for amplifying PCBP1-targeted RNAs during qRT-PCR (Opticon® DNA Engine, CFD3200, MJ Research, Watertown, MA) are listed in Table S1 .
Dynamic Bayesian networks (DBNs) A Bayesian
network is a probabilistic graphical model that represents a set of variables and their probabilistic independencies [15] .
The models of sequences of genes (such as a series of disease treatments that include changes in gene expression levels) are called DBNs. DBN analysis was performed (Genminix Informatics Ltd., Co., Shanghai, China) to construct a possible regulatory network for the selected genes.
Constructing a DBN using time-series data comprises 5 steps [15] : (1) 861405, Sigma-Aldrich) was used to stain nuclei. The slides were then observed using a Zeiss confocal microscope (LSM 510 SYSTEM, Oberkochen, Germany).
Immunofluorescence staining

Western blotting
Western blotting was performed according to previous descriptions [11] . Briefly, protein 
Statistical analysis for qRT-PCR and Western blot-
ting Data are expressed as means ± SEM. Statistical significance was assessed using one-way analysis of variance followed by the Newman-Keuls post hoc test of difference between groups. P <0.05 was considered as statistically significant.
Results
qRT-PCR assays using SH-SY5Y cells qRT-PCR
assays were used to measure the levels of the selected mRNAs (Table S1 ) in both the PCBP1 knockdown and overexpression groups. The ratios of their expression to that of 18S are listed in Table S2 . Eight of the genes (Fig.   1A ) participated in the network (Fig. 1E ). In the knockdown group, only H2AFX was significantly up-regulated, while the effects on MAP2K2 and TP53 were insignificant.
The other four mRNAs of the knockdown group, SAT, FOS, FST and WNT7B, were significantly down-regulated compared with control. In the overexpression group, H2AFX, MAP2K2 and TP53 were significantly down-regulated, while SAT, FOS and FST showed no significant difference from control. However, WNT7B was significantly up-regulated compared to control.
Spatial interactions of the selected genes using
Bayesian network assays Immunofluorescence analyses of PCBP1 distribution in SH-SY5Y cells indicated that it was mostly located in the cytoplasm, with small clusters in the nucleus (Fig. 1B-D) . Bayesian assays showed that seven genes and PCBP1 form an intimate network (Fig.   1E ). Their interactions are displayed in Fig. 2A-H 
Protein levels of TP53 and WNT7B in SH-SY5Y
cells The protein levels of TP53 and WNT7B corresponded with the detected mRNA levels (P = 0.000 2 for WNT7B and 0.000 0 for TP53 in overexpression compared to control; P = 0.000 0 for WNT7B and 0.483 3 for TP53 in knockdown compared to control) (Fig. 3) .
Discussion
DBN analysis is an important approach for predicting gene regulatory networks from time course expression data [16, 17] . However, two fundamental problems, low ac- with increased accuracy and reduced computational time compared with the existing methods [15] . The present study adopted the latter.
Knocking down endogenous PCBP1, in addition to overexpressing exogenous PCBP1, provides information about the global gene expression changes and helps to identify the PCBP1-targeted pathways, which may lead to a penetrating investigation of its biological functions [11, 12] .
Therefore, here we selected genes that participated in the pathways of the knockdown and overexpression groups and those detected by PF-2D, including H2AFX and H2BFS, and determined whether they had spatial relationships. Our experiments showed that PCBP1 is mainly distributed in the cytoplasm of a neuronal cell line, with a small amount detected in the nucleus. This is consistent with previous studies [7, 13] . Besides, our previous work identified a great number of target transcripts of PCBP1 in SH-SY5Y cells, after either knockdown or overexpression of PCBP1, by using microarray analysis [11, 12] . We knew that PCBP1 is not only an important RNA-binding protein that regulates the expression of many genes, but also a ssDNA-/dsDNAbinding protein, which is involved in DNA replication and transcription [7] . Meanwhile, it might also participate in protein-protein interactions [6] . The genes we selected,
PCBP1, SAT, H2AFX, FOS, FST, TP53, MAP2K2 and
WNT7B were intimately associated in a spatial interaction network. They formed the chain PCBP1 -SAT -H2AFX
-MAP2K2 -FOS -FST -TP53/WNT7B and had com- plicated relationships [15] . In addition, many participate in known pathways, such as apoptosis and cell cycle pathways (TP53), and the TGF-β signaling pathway (FOS and FST) [11, 12, 18] . The mRNA levels of TP53, MAP2K2
and H2AFX changed inversely with respect to PCBP1 levels. H2BFS and other pathway genes, however, had no direct relationship with PCBP1 in the Bayesian network analysis. Our results showed that TP53 was significantly which facilitates cell movement and growth [23] . FST is a single-chain gonadal protein that specifically inhibits follicle-stimulating hormone release. FOS belongs to the FOS gene family, members of which encode leucine zipper proteins that can dimerize with proteins of the JUN family, forming the transcription factor complex AP-1 [24] .
Thus, the FOS proteins have been implicated as regulators of cell proliferation, differentiation, and transformation.
WNT7B was down-regulated in cells with knocked-down PCBP1 but up-regulated in cells with PCBP1 overexpression. WNT proteins are a family of locally-acting signaling molecules required in diverse developmental events, including gastrulation, axis formation, cell polarity, stem cell differentiation, and organ development [25] . Some studies suggest that Wnt7B and Wnt8B act in forebrain patterning and morphogenesis [26] . PCBP1 may participate in the down-regulated in the PCBP1 overexpression group. TP53 activation rapidly inhibits protein synthesis [19] , and TP53
down-regulation in the PCBP1 overexpression group suggested that many proteins regulated by TP53 would be increased in SH-SY5Y cells. We previously noted that cell replication is much slower when endogenous PCBP1 is depleted, but much faster when exogenous PCBP1 is overexpressed, compared to controls [11, 12] . MAP2K2 is involved in the integrin pathway, and members of the integrin-associated pathway are associated with tumor cell infiltration and metastasis [20] . FOS and FST are involved in the TGF-β signaling pathway. In different cells and tissues, the TGF-β signaling pathway plays different roles [21, 22] : it stimulates cell division in fibroblasts but inhibits growth in epithelial cells; it also weakens the cell adhesion effect through inducing the tyrosine phosphorylation of β-catenin, Previous data have shown that SAT is predominantly localized to mitochondria [27] . SAT overexpression is correlated with tumorigenesis [28] . The basic structural unit of the nucleosome is an octamer of four core histones, H2A, H2B, H3, and H4, around which a 146-bp fragment of DNA is wrapped [29] . In addition to being a structural component of chromatin, histone H2AFX also maintains genomic stability and act as a multifunctional molecule [30] . The core histones form a nuclear multiprotein complex along with acetyltransferases, methyltransferases, hnRNPs, DNA helicase II, β-actin and vimentin, which may be associated with the structural modification of histones [31] . In addition,
clinical studies have clearly shown the dose-dependent involvement of H2AFX in tumorigenesis [32] . These results suggest that PCBP1 controls H2AFX expression by regulating its transcription level. PCBP1 overexpression might down-regulate H2AFX, which would lead to DNA replication, but PCBP1 knockdown up-regulated H2AFX, which might retard DNA replication, repair the damaged DNA and induce recovery of damaged cells. The network ( Fig. 2A-H) suggests that gene expression is regulated by spatial factors including complicated interactions between proteins and protein complexes. Our results indicate that PCBP1 is the initial regulator in this kernel network.
In conclusion, our data suggest that PCBP1 plays an important regulatory role not only in planar pathways, but also in spatial networks in the nervous system. Many proteins, including PCBP1, compose an interactive spatial network. In this regional network, H2AFX is an important gene that can be reverse-regulated by PCBP1 and SAT.
Moreover, PCBP1 can indirectly regulate its downstream genes through H2AFX.
Supplemental Data: Supplemental Data include two tables and can be found online at http://www.neurosci.cn/ epData.asp?id=21.
